Background: Small cell lung cancer (SCLC) is usually diagnosed in the advanced stage. It has a very poor prognosis, with no advancements in therapy in the last few decades. A recent phase 1 clinical study, using an antibody-drug conjugate directed against DLL3, showed promising results. A prerequisite for this therapy is an immunohistochemical test for DLL3 expression. The antibody used in the clinical trial was bound to a specific platform, which is not available in all pathology laboratories. In this study, the expression of DLL3 was analyzed using different DLL3 antibodies in high-grade neuroendocrine tumors of the lung and cell cultures. Additionally, correlation of DLL3 expression with Rb1 loss and TP53 mutation was evaluated.
Introduction
Small cell lung carcinoma (SCLC) and large cell neuroendocrine carcinoma (LCNEC) are high-grade pulmonary neuroendocrine tumors, with a poor prognosis. Advances in therapy have not been significant in the last three decades [1] . Small cell lung carcinoma represents 13-15% of the primary lung malignancies [2] and occurs in the elderly population, almost exclusively in smokers, with a 5-year survival rate of 7% [3] . At the time of diagnosis, patients usually present with distant metastases; they receive the platinum-etoposide combination chemotherapy as the standard treatment regimen [4, 5] . Response to the therapy is very high, but so is the recurrence. The only approved second-line treatment is topotecan, which has a low response rate (5-24%), with an overall survival < 7 months [6] . The progress in therapy for adenocarcinoma and squamous cell carcinoma of the lung have been achieved by identifying the targetable molecular changes in the former, and by applying immune checkpoint inhibitors in both. The effectiveness of immune checkpoint inhibitors is less in SCLC, unlike non-small cell lung carcinomas (NSCLC). The programmed death-ligand 1 (PD-L1) is expressed only in a small percentage of SCLC. On the other hand, the most common genetic changes in SCLC, TP53 and RB1 mutations and amplifications of SOX2 and SRSF1 are not targetable as these are tumor suppressor gene mutations [7] . The two main therapeutic approaches used for more than three decades for LCNEC are the SCLC-like treatment and the non-neuroendocrine carcinomas-like treatment that is based on resection and/or platinum-based protocols. Recent reports have demonstrated the possibility of a gene expression-based therapy for LCNEC [8, 9] . LCNEC with RB1 mutations, as in SCLC, might best respond to an SCLC-like chemotherapy, whereas LCNEC tumors with PTEN loss and/or PI3KCA activating mutations might be optimally treated with platinum-based therapy [8, 9] .
Recently, Saunders et al. were able to identify the overexpression of delta-like ligand 3 (DLL3) using tumor-initiating cells obtained from SCLC and LCNEC patient-derived xenografts [10] . The DLL3, normally expressed in fetal brain, plays a physiological role in development [11] [12] [13] . It is the only member of the Notch receptor ligand family that inhibits the Notch receptor pathway [10] . Notch inactivation is found in most of the SCLC cells, and correlates to the gene expression of the neuroendocrine markers [14] . Furthermore, the expression of DLL3 is closely related to neuroendocrine differentiation, and the expression of the transcription factor achaete-scute homolog 1 (ASCL1), which is an important oncogenic driver for SCLC [15] , regulates growth and survival of the SCLC cells and is found in 75% of SCLC cells [16] . Some SCLC cells, which express POU class 2 homeobox 3 (POU2F3), do not present neuroendocrine features [17] . Saunders et al., demonstrated DLL3 protein expression by immunohistochemistry in 65% of LCNEC cells and 72% of treatment-naïve SCLC cells, whereas the normal lung parenchyma was completely negative [10] . Thus, DLL3 protein has emerged as very promising drug target.
A recent first-in-human, first-in-class, open-label phase 1 study using rovalpituzumab tesirine, an antibody-drug conjugate directed against DLL3, demonstrated significant antitumor activity in patients with SCLC [18] , especially when they have high expression of DLL3. It has already been shown that the overall expression of DLL3 in SCLC is high [10, 19] . However, several DLL3 antibodies are available, but correlation studies are yet to be conducted. The antibody used in clinical trials is bound to a specific platform, which is not available in all pathology laboratories, so a search for the adequate substitution is necessary. Unlike the release of new drugs in the USA, which is usually accompanied by a companion test, the European Medicines Agency (EMA) allows use of any validated test. In other words, companies or pathology laboratories can develop their own test, which than has to be validated.
Our aim was to investigate four different antibodies for their reliability to detect DLL3 expression in high-grade neuroendocrine tumors of the lung and well characterized cell cultures. Furthermore, we aimed to analyze if there is a correlation between DLL3 expression with the TP53 mutation or Rb1 loss, which might aid in directing cases of LCNEC for a possible DLL3 staining and eventual treatment.
Materials and methods

Patient cohort
The study cohort consisted of chemo-naïve, surgically resected high-grade neuroendocrine tumors of the lung, obtained from the Lung Archive, Institute of Pathology, Medical University of Graz, from 1996 to 2012, with enough tumor tissue for adequate analysis. Altogether 53 tumors were selected, 24 small cell lung carcinomas and 29 large cell neuroendocrine carcinomas. For each tumor, all slides were re-evaluated to confirm the diagnosis and to select the most adequate block for a tissue microarray (TMA) construction. Each tumor was represented by several cores, each 1 mm in diameter. Additionally, one normal lung tissue core was used as control for each patient. Two TMAs were constructed. As these tissues were derived from resection specimen, heterogeneous expression pattern, if present, could be evaluated.
As a validation cohort for small cell lung cancer, 46 tumor samples, from chemo-naïve patients, were selected. In this group, 34 samples were small biopsies and 12 were resections. All available slides were re-evaluated and one representative block was chosen from each patient for immunohistochemical analysis. In the validation set the expression pattern on small biopsies could be evaluated.
Survival data for study cohorts were obtained from the Main Association of Austrian Social Security Institutions.
Immunohistochemistry and scoring
From each TMA block and validation cohort sample, a 4-μm thick sections were cut and mounted on positively charged glass slides. Staining was performed with four different DLL3 antibodies. DLL3 ready-to-use assay (clone SP347, Ventana, Roche, Tucson, AZ, USA) (VenA), after pre-treatment with CC1 for 80 min, and using OptiView detection kit (Ventana) on Benchmark Ultra slide staining instrument (Ventana). Furthermore, three additional DLL3 antibodies were used: NBP2-24669 (1:150; Novus Biological, Littleton, CA, USA, (NovA)); PA5-26336 (1:150; Thermo Fisher Scientific, Waltham, MA, USA (TherA)); and ab103102 (1:500; Abcam, Cambridge, MA, USA (AbcA)). All three were stained on DAKO Autostainer (DAKO, Glostrup, Denmark), after pre-treatment with MW 9.0 for 40 min at 150 W. EnVision Kit 5007 (DAKO, Glostrup, Denmark), and DAB as the chromogen, were used for detection.
For each antibody, the DLL3 positive membranous and/or cytoplasmic reaction was evaluated microscopically and percentage of positive tumor cells, regardless of intensity, was scored manually for each core (by HP and LB). Afterwards, an average value per tumor was calculated. Discordant cases were reviewed together and a consensus was reached on all cases.
The cut-off values for the percentage of positive tumor cells were set on 25, 50 and 75%. Since in the clinical study all cases with DLL3 expression in more than 50% of tumor cells were regarded as high [18] , we wanted to see if additional cut-offs might influence concordance of the antibodies, and/or relation with survival, p53 and Rb1.
Analysis of p53 was performed using DAKO ready to use antibody on Omnis platform (both DAKO, Glostrup, Denmark), using Envision Flex (DAKO, Glostrup, Denmark), with DAB as detection chromogen. Anti-Rb antibody (1F8, 1:100, Abcam, Cambridge, MA, USA) was used, stained on DAKO Autostainer (DAKO, Glostrup, Denmark), after pre-treatment with MW 9.0 for 40 min at 150 W. EnVision Kit 5007 (DAKO, Glostrup, Denmark), and DAB were used for detection.
Positive nuclear reaction was evaluated for both p53 and Rb1, and expressed as percentage of tumor cells.
Cell cultures and immunocytochemistry
Different SCLC cell lines (NCI-H69, NCI-H735, NCI-H1048, NCI-H740, and NCI-H187) were purchased from American Type Culture Collection (ATCC, LGC Standards GmbH, Wesel, Germany) and cultivated in media recommended by ATCC. In addition, two sub-clones NCI-H69a and NCI-H69s, provided by Dr. A. Gazdar were previously characterized in his laboratory (Table 1) . A neuroendocrine (NE) score was developed. Briefly, they used expression of 25 genes that had a strong positive correlation with neuroendocrine differentiation, and 25 genes having strong negative correlation with neuroendocrine differentiation; in other words, a 50-gene lung cancer-specific neuroendocrine signature was developed. Positive NE score correlated with neuroendocrine differentiation, and was present in most of the SCLC cells; while negative score correlated with the absence of neuroendocrine differentiation [20] . The NCI-H69a is an adherent cell line, negative for neuroendocrine markers and DLL3, whereas the NCI-H69s cell line grows in spheres, is positive for neuroendocrine markers and expresses DLL3 ( Table 1) .
Cell lines were cultivated until confluence; cells were harvested and a small proportion was sedimented onto glass slides, followed by fixation with formalin for 10 min. As a test with alcohol fixation resulted in no staining of DLL3-positive cells, formalin fixation was also used in the cell cultures.
In addition, after harvesting, cells were centrifuged, a cell pellet fixed in 10% formalin, and embedded in paraffin block. In this way cell blocks of each cell line were produced, 4 μm-thick sections were cut and mounted on positively charged glass slides.
Immunocytochemistry for all above samples was performed using the same DLL3 antibodies, and applying the same protocols as stated above. Positive expression of DLL3 was evaluated under the microscope, and scored as described above.
Statistical analysis
Data were represented as percentages and medians. Agreement between antibodies on DLL3 positivity was assessed by Cohen's kappa. The agreement on percentage of positive cells was assessed by the Spearman correlation coefficient. The statistical software R 3.5.1 (www.r-project.org) was used for calculations. The significance threshold for statistical tests was P < 0.05.
Results
Comparison of the expression of DLL3 using 4 different DLL3 antibodies in TMA samples DLL3 positive reactions were observed in the SCLC as well as LCNEC samples. In the whole TMA cohort, NovA and VenA showed a lower intensity and a lower percentage of positive tumor cells, compared to AbcA and TherA. The same was true for separate subgroup analysis of SCLC and LCNEC tumors ( Fig. 1a-c) .
The analysis of the VenA-stained SCLC cells demonstrated that 20.8% (5/24) of the cases showed staining of ≥75% of tumor cells and 45.8% (11/24) cases showed positive reaction in ≥50% of tumor cells, whereas 58.3% (14/24) cases showed positivity in ≥25% of tumor cells. With NovA, TherA, and AbcA the distribution values for positively stained tumor cells were, ≥75%: 20.8% (5/ 24), 29.2% (7/24), 20.8% (5/24), ≥50%: 50.0%(12/24), 75.0% (18/24), 58.3% (14/24), and ≥ 25%: 83.3% (20/24) 91.7% (22/24), 91.7% (22/24), respectively.
For the LCNEC tumor cells, after applying the cut-off of ≥25% of positive tumor cells, the distribution values for positively stained tumor cells were 51.9% (14/27) with VenA, 55.6% (15/27) with NovA, 92.6% (25/27) with TherA and 85.7% (24/28) with AbcA.
Comparing VenA with the other antibodies, the overall agreement in percentage of positive tumor cells ranged from 45.8 to 83.3%. Positive agreement rose significantly with the applied cut-off value for positivity (≥25, ≥50, ≥75), while negative agreement was high below the cut-off of 25%, but gradually decreased with increase in cut-off value. Kappa values were extremely poor, ranging from − 23.2 to 33.9. These data were applicable to the whole TMA cohort as well as for the separate analysis of SCLC and LCNEC.
The percentage of positive tumor cells of all four antibodies did not show correlation with survival, in the whole group of analyzed samples, as well as in separate analyses for SCLC and LCNEC.
Comparison of the expression of DLL3 using 4 different DLL3 antibodies in the validation SCLC cohort
In the validation cohort, VenA and AbcA showed a higher intensity, as well as percentage of positive tumor cells, compared to NovA and TherA (Fig. 2) . With VenA, 36.6% (15/41) of the cases showed positive reaction in ≥75% of tumor cells, compared to 28.3% (13/46) with AbcA. For ≥50%, VenA and AbcA showed 78.0% (32/41) and 69.6% (32/46), respectively, whereas the correlations for ≥25% were 82.9% (34/41) and 91.3% (42/ 46), respectively. The cut-offs for NovA and TherA were 21.7% (10/46) and 43.5% (20/46) for ≥75, 58.7% (27/46) and 10.9% (5/46) for ≥50, and 32.6% (15/46) and 45.7% (21/46) for ≥25%, respectively.
The comparison of VenA with the other three antibodies demonstrated poor results for the overall agreement, positive and negative agreement, and Kappa values, similar to the TMA cohort. A case by case comparison showed the following: NovA showed significant difference in 17 out of 46 cases, including positive staining in VenA-negative cases; TherA differed significantly in 20/46 cases, AbcA showed a significant difference in 8/46 cases. Four positive cases were negative with VenA; one negative case was minimal positive with VenA; and three cases whose positivity was either higher or significantly lowered with VenA, compared to AbcA.
DLL3 expression in cell cultures
Positive DLL3 reaction was observed in cell lines with high NE and low Notch scores (NCI-H69, NCI-H187, NCI-H740, and NCI-H735). The same was observed for all four antibodies in NCI-H69s cell line (Fig. 3) . The VenA stained 90% of cells in smears, and 80% of cells in cytoblock. The AbcA stained 90% of cells in smears, and 60% of cells in cytoblock. Positivity of the cells in smears and cytoblocks was 80 and 40% for NovA, and 80 and 40% for TherA, respectively. On the other hand, when tested on the adherent NCI-H69a cell line, known to be negative for DLL3, staining with VenA showed a negative reaction in smears and in cytoblock preparations, whereas all the other antibodies showed positive reactions in different ranges (10-90% of positive cells) (Fig. 4) . The cell line NCI-H1048, also known to be DLL3-negative, did not show positive reaction with VenA, whereas variable positivity was seen with other three antibodies.
Immunohistochemical expression of TP53 and RB1 and correlation with DLL3
Due to the superior performance of VenA, the analyses were performed only in regards to this antibody.
No significant correlation was observed between DLL3 expression (VenA) and the expression of p53 and RB1 in LCNEC. Similarly, no significant correlation was observed between DLL3 expression (VenA) and the expression of p53 in SCLC, whereas, RB1 loss in SCLC showed statistical significant correlation with the DLL3 positivity (p = 0.037). p53 protein expression was present in 15/21 (71.4%) of SCLC, and in 15/28 (53.6%) of LCNEC, while 9/24 (37.5%) of SCLC and 16/27 (59.3%) of LCNEC expressed RB1. In all performed and analyzed immunohistochemical reactions, differences in staining pattern, percentage and/or intensity in old vs more recent samples were not observed.
Discussion
Recently, first-in-human, first-in-class, open-label phase 1 study of a DLL3-targeted antibody-drug conjugate was published [18] , paving the way for the treatment of patients with SCLC, expressing DLL3 on the tumor cells. Since there has not been any significant improvement in therapy for this group of patients for many decades, and they are usually diagnosed at a later stage, this represents a tremendous step forward. Keeping this in mind, and the fact that therapy decision will be based on Fig. 3 Immunocytochemical stainings of NCI-H69s with VenA, AbcA, NovA, and TherA (left to right). VenA shows an intense membranous but also a cytoplasmic staining, the latter concentrated as dots, most likely representing accumulation within endoplasmic reticulum. AbcA stained less than half of the cells, whereas NovA and TherA stained approximately 50% of the cells, but in variable intensity. Bar 50 μm immunohistochemical DLL3 expression, we tested four different antibodies, VenA, NovA, TherA, and AbcA to evaluate their adequacy for this evaluation.
Using VenA (antibody used in the clinical trial) as a reference antibody, we have shown that none of the other three antibodies can reliably be used for the DLL3 test. Differences in expression with respect to VenA were observed, regardless of the cut-off values (≥75%, or ≥ 50%, or ≥ 25%), that were applied. This was true for samples from patients with SCLC as well as with LCNEC.
In our study, different results in DLL3 expression in SCLC, applying 50% as a cut-off, were obtained in study cohort and validation cohort (45.8% vs 78%, respectively). These might be best explained as the matter of sampling issue: in the study cohort, the samples from the resection material were analyzed, while in the validation cohort small biopsy samples dominated.
To evaluate the specificity of all these antibodies, we used SCLC cell cultures with known expression of neuroendocrine markers, DLL3 and Notch1/3. Testing the antibodies on these cell cultures, using smears and cytoblocks, we showed that VenA is the only antibody that reliably stains tumor cells known to be DLL3 positive, and is also negative in cells that do not express DLL3. Thus, cell lines NCI-H69a and NCI-H69s can serve as a control for other antibodies. It is known that batches of antibodies can vary quite substantially in specificity; cell blocks from these cell cultures provide reference standards. These are superior to in-house produced tissue references, as the amount of tumor tissue in SCLC biopsies is very limited.
Although LCNEC was excluded in the clinical trial due to a small sample size, we have tested its DLL3 expression in this study using a larger sample size. Approximately 50% of the tumors were positive, and the expression values (scores) were higher in several cases compared to SCLC. Therefore, DLL3-based toxin-coupled antibody treatment might be an option for these patients, if they express DLL3. Interestingly, new treatment options have been proposed for LCNEC, such as chemotherapy based on an SCLC regimen for cases with RB1 loss and cisplatin-based chemotherapy for cases with loss of PTEN or activating mutation of PI3KCA [8, 9] . As shown here, there is no correlation between RB1 loss and DLL3 expression in LCNEC. Therefore, anti-DLL3 therapy is another new option for these patients. This investigation fails to answer whether the positive statistical correlation between RB1 loss and DLL3 expression is a real association or only because most SCLC cases show this loss. However, as RB1-loss is typically found in neuroendocrine marker expressing SCLC this might point to the associated DLL3-expression in this set of carcinomas.
Finally, our study has several limitations. We have used two cohorts, with different sample types (resections Fig. 4 Immunocytochemical stainings of NCI-H69a with VenA (a), AbcA (b), NovA (c), and TherA (d). VenA (a) is completely negative in the carcinoma cells, whereas AbcA (b) and TherA (d) stained many cells, and NovA (c) stained almost all cells intensely. Bar 20 μm vs small biopsies). Both cohorts were rather small. We have used archived tissue, which is not optimal for protein expression analysis, but is a real-life situation.
Conclusions
DLL3 immunohistochemical evaluation will be mandatory for the decision about an application of the DLL3-targeted antibody-drug conjugate in patients with SCLC. The EMA, upon release of the drug, usually requires the use of a validated test. Therefore, several antibodies, if successfully validated, might be used. In this study, we have shown the superiority of the antibody used in the clinical study in detecting DLL3 expression. Furthermore, we have demonstrated that, like for other antibodies, positive and negative probes are mandatory. We have established cell cultures as test samples which can be used for further DLL3 antibodies to be tested. We have also provided evidence, that patients suffering from LCNEC express DLL3 in high proportions, which might provide basis for studies of new therapy options in this group of patients. 
